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ARTICLE INFO ABSTRACT

Keywords: We present a comprehensive density-functional-theory (DFT) study of the water dissociation reaction on Ru-
DFT calculations hep(001) and Ru-fee(111). The motivation stems from experiments showing that supported fce-structured Ru
Ruthenium

nanoparticles outperform hep-structured ones as catalysts for the hydrogen evolution reaction (HER) in alkaline
media, as well as from prior combined experimental and computational work (Zheng et al., 2016) attributing
this difference to intrinsic activity of the two facets derived from DFT calculations. By systematically varying
slab thickness, supercell size, and water models, and by rigorously evaluating vibrational contributions to
the Gibbs energy, we demonstrate that reaction Gibbs energies strongly depend on model details, whereas
activation Gibbs energies are less sensitive. Importantly, when vibrational contributions are treated rigorously,
water dissociation is predicted to exhibit slightly lower activation Gibbs energy on Ru-hcp(001), suggesting that
it should be somewhat more active than Ru-fcc(111). This finding contrasts with the earlier aforementioned
study, whose reported data reveal that Ru-fcc(111) is more active due to favorable vibrational contributions.
This discrepancy stems primarily from the incomplete treatment of vibrational contributions in the earlier
work and from the omission of corrections for low-frequency modes. Our results highlight the need to consider
additional factors — such as support effects and the relative abundance and intrinsic activity of different facets
present on Ru nanoparticles — to explain the experimentally observed superior alkaline HER activity of fcc-
structured Ru nanoparticles. They further underscore the critical role of accurately evaluating vibrational Gibbs
energy contributions in computational heterogeneous catalysis.

Water dissociation
Hydrogen evolution reaction (HER)

readily available from hydronium ions (H;O"), alkaline HER must rely
on water molecules as the proton source. As a result, the Volmer step
— generally considered the rate-limiting step under alkaline conditions

1. Introduction

Hydrogen is a promising alternative to carbon-based fuels, and wa-

ter electrolysis stands out as one of the most viable green methods for
its production. This process involves two half-reactions: the hydrogen
evolution reaction (HER) and the oxygen evolution reaction (OER).

Platinum (Pt) is the benchmark catalyst for HER under acidic con-
ditions due to its exceptional activity, but its high cost motivates
the search for cheaper alternatives. In the quest for more affordable
materials, ruthenium (Ru) has emerged as a promising HER catalyst
under alkaline conditions, due to its lower cost and good catalytic
performance [1-4].

In alkaline media, the kinetics of HER are 2-3 orders of magnitude
slower than expected [5,6]. Several explanations have been proposed
to account for this unexpected behavior [5-7], including the identity
of the proton donor, the influence of co-adsorbed species, and solvent
reorganization effects. Unlike acidic conditions, where protons are

— can be written as:
H,0+e™—— H*+ OH", (€8]

where H* denotes a chemisorbed hydrogen atom on the catalyst sur-
face.

Compared to Pt, Ru exhibits superior water-splitting performance
under alkaline conditions [4], further highlighting its potential as a
cost-effective HER catalyst. One promising strategy for improving the
catalytic activity of Ru involves tailoring its crystal structure [2,4].
While bulk Ru naturally crystallizes in the hexagonal close-packed
(hep) structure, Kusada et al. [8] successfully synthesized and charac-
terized face-centered cubic (fcc) Ru nanoparticles in 2013. Their study
demonstrated that the catalytic activity of Ru nanoparticles for CO oxi-
dation depends on both crystal structure and particle size, with the fcc
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structure showing higher activity for particles larger than 3 nm. Since
then, the uncommon fcc phase has been reported in a variety of appli-
cations [9-13], including HER [14-17]. For example, Zheng et al. [14]
synthesized a highly active Ru catalyst supported on C3N,4/C containing
the fcc phase, while Li et al. [16] reported enhanced HER performance
for a MoO, /Ru-fce catalyst compared to its hcp counterpart.

While experimental evidence suggests that Ru-fcc catalysts exhibit
higher activity than their Ru-hcp counterparts, the mechanistic origin
of this difference remains insufficiently understood. Several density-
functional theory (DFT) studies have attempted to address this issue,
but the findings are conflicting. For instance, Li et al. [18] calculated
hydrogen adsorption energies on various Ru surfaces and concluded
that Ru-fce(111) is less active, implying that the hcp phase may offer
superior HER performance. In contrast, Chen et al. [15] studied a
RuNi system interacting with a single water molecule and reported
a lower activation barrier for water dissociation on the fcc phase.
A highly influential study by Zheng et al. [14], employing an ice-
like water bilayer model, also reported lower activation barrier for
water dissociation on Ru-fce(111) compared to Ru-hcp(001). However,
their results are based on thin slab models and omit corrections for
low-frequency vibrational modes, which appear to be the dominant
factor favoring the fcc phase in their calculations, as discussed in the
Results and discussion section. These methodological deficiencies raise
concerns about the validity of their results.

This study aims to resolve the inconsistencies reported in the lit-
erature by providing a comprehensive computational analysis of the
catalytic activity of ideal Ru-hcp(001) and Ru-fee(111) surfaces toward
HER. It is important to emphasize that due to the exponential depen-
dence of reaction rates on activation energies, even small differences
in calculated activation barriers can lead to significant variations in
predicted activity. In our DFT calculations, we observed that the ac-
tivity of Ru-fcc(111) and Ru-hcep(001) surfaces is particularly sensitive
to computational parameters, such as slab thickness. As a result, us-
ing non-converged or insufficiently tested models can easily lead to
misleading conclusions.

2. Technical details

DFT calculations were performed using the Quantum ESPRESSO
software package [19,20], employing the Perdew-Burke-Ernzerhof
(PBE) exchange—correlation functional [21]. A plane-wave basis set in
combination with projector-augmented wave (PAW) pseudopotentials
from the PSLibrary was used [22-24]. The kinetic energy cutoff was
set to 50 Ry for the wavefunctions and 575 Ry for the charge density.
Brillouin-zone integrations were performed using the special-point
technique [25] with a Methfessel-Paxton smearing [26] of 20 mRy.
All structures were relaxed until force components were below 1 x
1073 Ry/bohr.

Grimme-D3 dispersion correction with two-body terms only was
applied to account for van der Waals interactions [27]. The three-body
terms were omitted in order to allow vibrational frequency calculations
using the ph. x module of Quantum ESPRESSO, which does not support
them. We verified that the omission of three-body terms has a negligible
effect on adsorption and activation energies (see Tables S1-S3 in the
Supplementary material) and does not alter the qualitative conclusions
of this study.

Ru-hep(001) and Ru-fec(111) slabs were constructed using the op-
timized bulk lattice parameters, with slab thicknesses ranging from 3
to 8 atomic layers. For the hcp phase, the optimized lattice constants
are a = 2.719 A and ¢ = 4.288 i\, while for the fcc phase, the lattice
constant is a = 3.811 A. The in-plane Ru-Ru bond length in the fcc phase
(2.695 A) is slightly shorter than in the hep phase (2.719 A). In all cases,
adsorbates were placed only on the top side of the slab, the bottom
layer atoms were fixed at their bulk positions, and a vacuum region of
20 A was added above the slab, along with a dipole correction [28]. For
thicker slabs, convergence tests were also carried out by relaxing only
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Fig. 1. Ru-hcp(001) and Ru-fce(111) surfaces with the (\/5 X \/§)R30° and
(3%3) supercells indicated in orange and yellow, respectively. Side views show
the stacking sequences of layers. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

the three topmost layers. Both approaches yielded consistent results, as
evidenced in the Results and discussion section.

Calculations were primarily performed using two supercells: a sma-
ller (\/5 X \/§)R30° supercell containing 3 Ru atoms per layer, and a
larger (3 x 3) supercell containing 9 atoms per layer. Additionally, a
few convergence tests were carried out using larger (4 x 4) and (6 X 6)
supercells. The Brillouin zone was sampled using a 7 x 7 x 1 k-point
mesh for the (\/5 X \/§)R30° supercell and a 4 x 4 x 1 mesh for the (3x3)
one; the (4 x 4) and (6 x 6) supercells were sampled using 3 x 3 x 1 and
2x2x 1 k-point meshes, respectively. The geometries of the Ru-hcp(001)
and Ru-fce(111) surfaces, along with their corresponding supercells,
are shown in Fig. 1. The primary structural difference between the
two surfaces lies in their stacking sequence: Ru-hcp(001) follows an
ABABAB stacking, while Ru-fcc(111) exhibits an ABCABC pattern.

To model water dissociation, two different representations of water
were employed: a single H,O molecule and an ice-like water bilayer
positioned above the Ru surface [29]. The utilized bilayer model con-
sists of two distinct types of water molecules: one oriented with a
hydrogen atom pointing toward the surface, and another adsorbed
via the oxygen atom, with both hydrogen atoms aligned parallel to
the surface. For the single water-molecule model, in addition to the
in vacuo calculations, we also performed calculations with an implicit
aqueous solvent using the self-consistent continuum-solvation model as
implemented in the Environ plugin [30] of Quantum ESPRESSO. Due to
convergence problems in the structural relaxations with the implicit
solvent, only single-point SCF calculations were carried out on the
geometries optimized in vacuum.

Transition states (TS) for water dissociation were identified using
the climbing-image nudged elastic band (CI-NEB) method [31,32]. For
frequency calculations, the TS geometries obtained from the CI-NEB
calculations were further refined using the ARTn plugin [33,34] for
Quantum ESPRESSO, until the forces on all atoms were below 7 x
10~* Ry/bohr.

Vibrational contributions to Gibbs energies were calculated at 25 °C.
To this end, structures were re-optimized by relaxing all degrees of
freedom, including the bottom atomic layer. Phonon calculations were
performed at the I" g-point. For the smaller (\/5 X \/§)R30° supercell, all
atoms were perturbed, and the acoustic sum rule was applied to enforce
three translational zero-frequency modes. In contrast, for the larger
(3 x 3) supercell, only the atoms of the water bilayer were perturbed
to reduce the computational cost. Vibrational contributions to the
Gibbs energy were estimated using the quasi-harmonic approximation
of Cramer-Truhlar [35], in which all vibrational frequencies below
100 cm™! are raised to 100 cm™! to account for the breakdown
of the harmonic oscillator model for low-frequency modes (at room
temperature, 100 cm~! corresponds to about kg7 /2, where kg is the
Boltzmann constant).! The vibrational contributions were computed us-
ing an in-house adaptation [36] of the dynmat . x utility from Quantum

1 Vibrational modes with frequencies below kT /2 behave more like hin-
dered rotations than true vibrations. A hindered-rotor mode contributes on the
order of k3T /2 to the thermal energy, providing a physical motivation for the
commonly used 100 cm™! cutoff in the Cramer-Truhlar correction
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ESPRESSO. The nature of the adsorption bonding was analyzed using
the integrated local density of states (ILDOS), the projected density of
states (PDOS), crystal orbital Hamilton populations (COHP), and COHP
integrated up to the Fermi energy (ICOHP). PDOS, COHP, and ICOHP
were computed with the Losster code [37].

Molecular graphics were produced using the XCrySDen graphical
package [38], graphs were plotted with the Gnuplot software [39],
and image post-processing was performed in Inkscape [40].

2.1. Energy equations

Adsorption binding energies of H* and OH* were calculated accord-
ing to the following equation:

Ey = Ex /a0 — Eglab — Exo (2)

where Ey,;, is the total energy of the Ru slab with the adsorbed
species (X = H, OH), E,, is the energy of the bare Ru slab, and Eyx
is the energy of the isolated H or OH radical; OH was treated with spin
polarization, whereas for H, a reference energy of 1 Ry was used.
Reaction energy (AE) and activation energies (E*') were calculated

as:

AE = Egg — Ejg ©)
and

E*' = Eqg — Egg, @

where Ejg, Erg, and Epg denote the total energies of the initial state
(I1S), transition state (TS), and final state (FS), respectively.

The E terms in Egs. (2)-(4) represent Kohn-Sham total energies
calculated at 0 K without the zero-point energy (ZPE). In addition
to these 0 K energies, Gibbs energies at room temperature were also
calculated.

For bare surfaces and surfaces with adsorbates, only vibrational
contributions to thermal energy and entropy were considered, whereas
the configurational entropy of adsorbates was neglected. The pV term
was also omitted, as it is negligible for solids at ambient pressure.
Consequently, the Gibbs energy is expressed as:

G(T) = Ey + Eyjp(T) = TS, (T), )

where E, is the Kohn-Sham total energy at 0 K, excluding ZPE. The
subscript 0 is used here explicitly to denote zero temperature, whereas
it was omitted in Egs. (2)—(4) for brevity. E;,(T) denotes the vibra-
tional thermal energy at temperature T, including ZPE, and S,;,(T) is
the vibrational entropy. This notation implies that E,;(0) = ZPE. For
convenience, Eq. (5) can be rewritten as:

G(T)=Ey+ G (T), (6)

where G (T) represents the vibrational correction that must be added
to E, to obtain the Gibbs energy G(T'). In contrast, for gaseous species,
roto-translational contributions were also taken into account (cf. Eq. (S7)
in the Supplementary material).

Reaction and activation Gibbs energies (AG and G*!) were calcu-
lated analogously to Egs. (3) and (4), by replacing the total energies E
with the corresponding Gibbs energies G(T'). For transition-state struc-
tures, the vibrational mode associated with the imaginary frequency
— corresponding to the reaction coordinate — was excluded from the
vibrational contribution, as prescribed by the transition-state theory.

3. Results and discussion

In this section, we systematically investigate the catalytic activity of
Ru-hcp(001) and Ru-fce(111) toward the water dissociation reaction.
The primary goals are to assess the performance of each surface and to
resolve the conflicting results reported in the literature, as discussed in
the Introduction.
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We begin by analyzing the adsorption binding energies of H* and
OH*, with a particular focus on their convergence with respect to slab
thickness. This is followed by an analysis of reaction and activation
energies for the water dissociation step. As is commonly done in
conventional DFT studies, the Volmer reaction step (1) is approximated
by a dissociation reaction of adsorbed water molecule in which the final
state contains a chemisorbed OH* instead of a hydrated hydroxide ion:

H,0*—— H* + OH*. )

It should be noted that, at the reversible hydrogen electrode (RHE)
potential, reaction Gibbs energies for the Volmer reaction step (1) can
be obtained from reaction (7) by using an appropriate thermodynamic
cycle, as described in the Supplementary material (Scheme S1 and
Eq. (56)).

All reaction pathway calculations were performed across multiple
slab thicknesses to ensure proper convergence of both reaction and
activation energies.

3.1. Adsorption characteristics of H and OH moieties

3.1.1. Convergence of adsorption binding energies

Adsorption binding energies of H and OH were calculated across
different coverages and Ru slab thicknesses to assess their convergence.
The (\/5 X \/§)R30° and (3 x 3) supercells were employed to represent
high (1/3 ML) and low (1/9 ML) coverages, respectively. Various
high-symmetry adsorption sites were examined, as such calculations
help rationalize energy trends observed during the water dissociation
reaction—particularly because, at the transition state, the H and OH
fragments are not yet located over their most favorable binding sites.

Convergence of H and OH adsorption binding energies for the top
and fcc sites on Ru-hcp(001) and Ru-fce(111) with respect to slab
thickness is reported in Table 1. The results show that binding ener-
gies obtained using 3- and 4-layer slabs are generally not converged.
Therefore, the use of thicker slabs is recommended for reliable results.

For slabs thicker than four layers, we also tested relaxing only
the topmost three Ru layers while keeping the rest fixed (values in
parentheses in Table S1 of the Supplementary material) and found that
the effect on the results is minimal. To assess the depth of charge re-
distribution upon adsorption, planar-integrated electron charge density
difference plots are shown in Fig. S2 of the Supplementary material.
These plots indicate that charge redistribution is still clearly present at
the third atomic layer and progressively vanishes deeper into the slab.
This observation supports the conclusion that relaxing three or more
layers is sufficient to accurately model adsorption.

Table 2 reports the adsorption binding energies of H and OH on
various high-symmetry sites for both supercell sizes, using slabs six
atomic layers thick. The H binding energies are very similar between
the two supercells, with the fcc site being the most stable on both Ru-
hcep(001) and Ru-fee(111), yielding nearly identical adsorption energies
(see also Table 1). The hcp site follows in stability, where Ru-fcc(111)
binds H slightly more strongly than Ru-hcp(001). The bridge site is
not stable on either surface; therefore, the reported energies for this
configuration were obtained from constrained relaxations and show
nearly identical values for both crystal phases. The least stable site
is the top site, which exhibits a more pronounced difference between
the two surfaces: Ru-hcp(001) binds H approximately 0.1 eV more
strongly than Ru-fcc(111). Previous studies also identified the fcc site
as the most stable adsorption site for H on both surfaces [12,13];
however, those studies report stronger H binding on Ru-fcc(111) than
Ru-hcp(001), which is not observed in the present work.

Because the optimized lattice parameters of Ru-fcc and Ru-hcp
yield slightly different Ru-Ru nearest-neighbor distances (by 0.02 A),
we examined the effect of this structural difference on adsorption
binding energies. Specifically, we modeled H adsorption on the top
site using both Ru-fcc and Ru-hcp compatible lattice parameters. The
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Table 1
Convergence of adsorption binding energies (in eV) of H and OH at fcc and top sites on Ru-hcp(001) and Ru-fece(111) with respect to slab
thickness. N denotes the number of Ru layers in the slab.
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E,(H @ fcc) E,(H @ top) E,(OH @ fcc) Ey(OH @ top)*
N Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111)
3 -2.89 -2.94 -2.52 -2.35 -3.38 -3.20 -3.10 -2.87
4 -2.97 -2.97 -2.52 -2.48 -3.47 —-3.50 -3.10 -3.11
5 -2.96 —-2.94 -2.53 —2.40 -3.47 -3.41 -3.11 -3.02
6 —-2.95 —-2.95 -2.53 —2.42 -3.41 -3.41 -3.12 -3.03
7 -2.96 -2.93 -2.52 -2.42 -3.43 -3.42 -3.12 -3.04
8 -2.96 —-2.95 -2.53 —2.40 -3.44 —3.40 -3.12 -3.01
2 Obtained by laterally constraining the bottommost adsorbate atom.
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Fig. 2. Projected density of states (PDOS) for the adsorbed H atom and the underlying Ru surface atom (solid curves) on Ru-hcp(001) [top-row panels] and
Ru-fce(111) [middle-row panels], and the crystal orbital Hamilton populations (COHP) for both surfaces [bottom-row panels]. H adsorption at the top site is
shown in the left column, while the right column corresponds to the fcc site. The PDOS of the surface Ru atom of a bare surface is shown for comparison with
dotted black curves. The integrated local density of states (ILDOS) illustrating the H-Ru interaction is also shown. For the top site, the ILDOS energy range is
from —4 to —3 eV, whereas for the fcc site, it is from —7 to —6 eV, as indicated by pale red vertical bands. The integrated COHP (ICOHP) values are also shown
on the COHP plots. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2

Adsorption binding energies (in eV) of H and OH at different sites on Ru-
hep(001) and Ru-fee(111). Results were obtained using six-layer slabs and the
(\/5 X \/§)R30° and (3 x 3) supercells.

supercell E,(H) E,(OH)
site Ru-hep(001) Ru-fee(111) Ru-hep(001) Ru-fee(111)
(V3x V3R30°
top -2.53 -2.42 -3.12° -3.03%
bridge —2.79% —2.80% -3.39 -3.39
fee -2.95 -2.95 —-3.41 -3.41
hep -2.85 -2.88 -3.43 -3.32
(3x3)
top -2.53 —2.44 -3.132 —3.04%
bridge —2.80% -2.817 -3.42 -3.36%
fee -2.96 -2.96 -3.46 -3.49
hep -2.86 -2.90 -3.51 —3.47

2 Obtained by laterally constraining the bottommost adsorbate atom.

results, summarized in Fig. S3 of the Supplementary material, show that
increasing the Ru-Ru distance by 0.02 A leads to a slight strengthening
of the adsorption binding energy by 0.02 eV in both phases. While this
effect is not entirely negligible, it does not explain the difference in
top-site binding energies between the two phases.

As for OH adsorption, the most favorable sites are the hcp site on
Ru-hcp(001) and the fecc site on Ru-fee(111), with slightly stronger
binding on Ru-hcp(001) (Table 2). A difference in OH binding energy is
observed between the two supercell sizes, particularly at hollow sites.
As coverage decreases, OH becomes more stable, especially at hollow
sites. Further decreasing the coverage has only a negligible effect on
the OH adsorption binding energy (Table S4 in the Supplementary
material). Similar to H adsorption, the top site is the least favorable for
OH, and Ru-hcp(001) binds OH* about 0.1 eV more strongly than Ru-
fce(111). Literature reports on OH adsorption strength are conflicting.
Zhao et al. [13] identified the fcc site as the most favorable on both
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Ru-hcp(001) and Ru-fee(111), with slightly stronger binding on Ru-
hcep(001). In contrast, Nandi et al. [12] found the hcp site to be most
stable, reporting comparable OH binding energies for both surfaces.

From the results presented in Table 2, we conclude that both H
and OH preferentially adsorb at hollow sites, exhibiting similar binding
energies on Ru-hcp(001) and Ru-fce(111). The largest difference in
adsorption energy between the two surfaces occurs at the top site —
approximately 0.1 eV for both species — whereas adsorption at the fcc
and bridge sites yields comparable binding strengths for both crystal
phases.

3.1.2. Electronic structure analysis of H-Ru bonding

To rationalize the differences in adsorption behavior between Ru-
hcep(001) and Ru-fec(111), we analyzed the PDOS, ILDOS, and COHP
for H adsorbed at the top and fcc sites (Fig. 2).

For H adsorption at the fcc site, the H 1s orbital exhibits a sharp,
well-defined peak in the energy range from —7 to —6 eV relative to the
Fermi energy. The PDOS of the Ru surface atom bonded to H displays
a corresponding peak in the same energy range, indicating strong
hybridization between the H and Ru electronic states. This is further
corroborated by the absence of density of states in this range for the
bare Ru surfaces. Visualization of the electronic states associated with
this sharp peak via ILDOS (Fig. 2) reveals features resembling tilted d -
like orbitals on the Ru atoms, spatially merged with the H 1s orbital; for
further details, see the orbital-projected PDOS in Fig. S4 of the Supple-
mentary material. To complement the PDOS and ILDOS interpretation,
the COHP analysis shows that the bonding characteristics of H adsorbed
at the fcc site are very similar on both surfaces. The COHP curves
for Ru-hcp(001) and Ru-fce(111) exhibit nearly identical features, with
only slight differences in the integrated COHP values (—1.27 and —1.30,
respectively). Furthermore, Bader charge analysis indicates that the H
atom adsorbed at the fcc site on Ru-hcp(001) carries a marginally more
negative charge (—0.26) than the corresponding H atom on Ru-fcc(111)
(-0.25).

In contrast, at the top site, the sharp peak observed in PDOS of
the fcc site is absent. Instead, the Ru-H interaction occurs at higher
energies, beginning around —5 eV relative to the Fermi energy. Com-
pared to the bare Ru surface, the Ru atom bonded to H shows an
increased PDOS from —6 to —3 eV and a corresponding decrease at
higher energies, indicating a downshift of Ru states upon H adsorption.
The PDOS projected onto the individual valence orbitals of the Ru atom
bonded to H (Fig. S5 in the Supplementary material) reveals that the
Ru 5s and 4d,» orbitals are involved in the Ru-H interaction, consistent
with the geometry of the top site. While the 5s orbital exhibits a similar
PDOS for both surfaces, the 4d,, orbital shows a considerably sharper
peak at approximately —4.5 eV for Ru-hcp(001), resulting in stronger H
binding at the top site on Ru-hcp(001) compared to Ru-fcc(111). The
importance of this Ru-H orbital interaction in determining adsorption
strength has previously been reported [41]. Additionally, the calculated
COHP curves for H adsorbed at the top site differ between the two
surfaces, and the integrated COHP values are slightly lower for Ru-
hep(001) (—2.69) than for Ru-fcc(111) (-2.64), consistent with the
stronger adsorption energy. The calculated Bader charges for the H
atom adsorbed at the top site are —0.17 on both surfaces.

3.2. Dissociation of adsorbed water

To investigate the mechanism of adsorbed water dissociation, reac-
tion (7), we considered two models: a single adsorbed water molecule
and an ice-like water bilayer, using both the (\/5 X \/§)R30° and (3x3)
supercells.
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Table 3

Reaction (AE) and activation (E*') energies for the dissociation of a sin-
gle water molecule on Ru-hcp(001) and Ru-fcc(111), obtained with the
(\/Ex \/§)R30° and (3 x 3) supercells for slabs thicker than four layers.
N denotes the number of Ru layers in the slab. Energies obtained using
implicit-solvent calculations on the vacuum-optimized geometries are shown
in parentheses.

supercell AE (eV) E* (eV)
N Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111)
(V3x V3R30°
5 -0.31 (-0.31) —0.26 (—0.26) 0.75 (0.79) 0.77 (0.82)
6 -0.22 (-0.21) —-0.28 (-0.28) 0.75 (0.81) 0.76 (0.81)
7 -0.21 (-0.22) -0.25 (-0.26) 0.75 (0.80) 0.76 (0.81)
(3x3)
5 —0.50 (-0.42) —0.42 (-0.35) 0.78 (0.93) 0.79 (0.94)
6 —-0.46 (-0.37) —0.46 (-0.40) 0.80 (0.97) 0.78 (0.93)
7 —0.46 (-0.37) —0.44 (-0.37) 0.79 (0.95) 0.79 (0.94)

Fig. 3. Top- and side-view snapshots of the IS, TS, and FS structures for H,O
dissociation on Ru-hcp(001)-(3x3). In the side-view IS snapshot, the direction
of the dissociating H atom is marked with a green arrow, whereas in the top-
view snapshots the H atom is highlighted in green—yellow. (For interpretation
of the references to color in this figure legend, the reader is referred to the
web version of this article.)

3.2.1. A single water molecule

A single water molecule preferentially adsorbs at the top site, with
both O-H bonds lying parallel to the surface. The most stable final state
after dissociation has both OH and H fragments adsorbed at fcc sites in
the smaller (\/3 X \/§)R30° supercell. In contrast, in the larger (3 x 3)
supercell, the configuration with OH at the hcp site and H at the fcc site
is more stable (see Fig. S6 in the Supplementary material). The reaction
coordinate for water dissociation primarily involves the elongation of
an O-H bond from 0.98 A in the IS to 1.53 A in the TS, with the O
atom shifting slightly off the top site and the H atom positioned above
the fecc site. The calculated reaction and activation energies are listed
in Table 3, representative IS, TS, and FS structures are shown in Fig.
3, and the reaction paths for all considered systems are presented in
Figs. S9-S20 of the Supplementary material.

As shown in the preceding section, 3- and 4-layer slabs are not
converged with respect to adsorption binding energies, so only slabs
thicker than four layers are considered here. Table 3 further shows that
the 5-layer slab likewise does not yield converged reaction energies
and is therefore excluded from the following discussion, although its
activation energies are nearly identical to those of thicker slabs. For
the smaller (\/5 X \/§)R30° supercell, reaction energies are moderately
more exothermic on Ru-fcc(111), whereas for the larger (3x3) supercell,
they are similar on both Ru-hcp(001) and Ru-fcc(111). The latter
trend is consistent with the adsorption energies in Table 2, which
indicate comparable H and OH binding strengths at hollow sites on both
surfaces. Decreasing the OH and H coverages below 1/9 ML does not
affect the reaction and activation energies (see Table S4); therefore, the
results from the (3 x 3) supercell can be regarded as representative of
the low-coverage limit.

Despite the differences in reaction energies between Ru-hcp(001)
and Ru-fce(111), the calculated activation energies are very similar for
the two surfaces and show little sensitivity to slab thickness, with values
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of about 0.75 eV for the smaller and 0.80 eV for the larger supercell. In
detail, for the smaller (\/5 X \/§)R30° supercell, the activation energy is
0.01 eV lower on Ru-hcp(001), whereas, for the larger (3 x 3) supercell,
both surfaces yield the value of 0.79 eV. This similarity in activation
energies is consistent with the fact that the transition-state structures
are alike for all systems considered, as shown in Figs. S9-S20 in the
Supplementary material.

In addition to the in-vacuo calculations, we also performed calcu-
lations with an implicit aqueous solvent on the geometries optimized
in vacuum. The corresponding reaction and activation energies for the
dissociation of a single water molecule on Ru-hcp(001) and Ru-fec(111)
are shown in parentheses in Table 3. For the smaller (\/3 X \/§)R30°
supercell, the reaction energies are similar to those in vacuum, whereas
the activation energies are 0.05 + 0.01 eV higher. In contrast, for the
(3 x 3) supercell, the changes are more pronounced. In particular,
the reaction energies obtained with the implicit solvent are 0.08 +
0.01 eV less exothermic, while the activation energies are 0.16+0.01 eV
higher. This indicates that, within the implicit solvent model, the
initial state is more strongly stabilized than the transition and final
states. It is noteworthy that despite these solvent-induced changes,
the trends between the Ru-hcp(001) and Ru-fec(111) surfaces remain
unchanged. However, the implicit solvent model does not include
directional hydrogen bonding between water molecules. Therefore, we
also modeled water explicitly using a simple ice-like bilayer, which
incorporates surrounding water molecules and places water molecules
within a hydrogen-bonded network.

3.2.2. Ice-like water bilayer

A widely used model of interfacial water at solid/water interfaces
is the ice-like water bilayer, in which water molecules are connected
via hydrogen bonds. The smaller (V3 x V3)R30° supercell contains
two water molecules, resulting in a highly symmetric and constrained
bilayer. In contrast, the larger (3 x 3) supercell contains six water
molecules, allowing a more flexible arrangement.

We tested different trajectories for the dissociating H atom during
O-H bond cleavage, as illustrated in Fig. 4a. In the (\/E X \/§)R30°
supercell, the dissociating H atom can proceed along three distinct
directions, denoted as —60°, 60°, and 180°, where the angles are defined
relative to the xy projection of the non-dissociating O-H bond (marked
with a black dotted line in Fig. 4a). The —60° and 60° reaction paths are
very similar,? and yield nearly identical activation energies, differing by
less than 0.01 eV. Consequently, the —60° path is omitted from further
consideration. In the (3 x3) supercell, the resulting H* is more stable at
a bridge-like adsorption site. Two geometrically favorable dissociation
directions were identified, denoted as 90° and 150°, corresponding
to the 60° and 180° directions in the smaller supercell, respectively.
For the 90° pathway, in addition to O-H bond cleavage, a proton is
transferred from a neighboring water molecule to the dissociating one,
as indicated by the smaller arrow in Fig. 4a.

For both supercells, dissociation of a water molecule results in OH
at a top site for all tested pathways. In contrast, the H adsorption
site depends on the supercell size: in the smaller cell it binds to a
nearby top site, while in the larger cell it occupies a bridge-like site
as the surrounding water network can reorganize (Fig. 5). A detailed
visualization of the H-atom trajectories during water dissociation on
Ru-hcp(001) for the considered pathways is shown in Fig. 4b. The
corresponding trajectories on Ru-fcc(111) are similar (not shown). In
all cases, the H atom passes through a bridge-like site in the tran-
sition state. Representative IS, TS, and FS structures are shown in
Fig. 5, and the corresponding reaction profiles, together with these
structures for all considered systems, are presented in Figs. S21-S52
in the Supplementary material.

2 The difference between the —60° and 60° pathways is that the dissociating
H atom, while moving to the adjacent top site, passes by the hcp and fec sites,
respectively.
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Fig. 4. Dissociation pathways of a water molecule within a water bilayer on
a Ru surface for the (\/3 X \/§)R30° and (3 x 3) supercells. (a) Schematic
illustration of the direction of the dissociating H atom (marked by arrows);
the angle is measured relative to the non-dissociating O-H bond (black dotted
lines). For the 90° trajectory in the (3 x 3) supercell, a proton transfer from a
neighboring water molecule occurs during dissociation (indicated by a smaller
orange arrow). (b) Trajectories of the dissociating H atom shown as blue balls,
with its transition-state position highlighted in purple. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Calculated reaction and activation energies for the (\/5 X \/§)R30°
supercell are presented in Table 4, and the corresponding reaction path-
ways are shown in Figs. S21-S40 in the Supplementary material. For
both investigated trajectories, the initial and final states are identical,
resulting in the same reaction energies. The results for Ru-hcp(001)
are largely insensitive to slab thickness, whereas those for Ru-fcc(111)
converge more slowly and require slabs at least five layers thick. This
trend agrees with the convergence behavior observed for the adsorption
energies in Table 1. For this reason, thin-slab results are discarded in
the below discussion.

Ru-hep(001) exhibits reaction energies about 0.2-0.3 eV more
exothermic than Ru-fcc(111). Since the two surfaces differ only in
their stacking sequence, this difference appears large but can largely
be attributed to adsorption energy differences. Namely, in the smaller
cell, both H and OH are adsorbed at top sites, which bind more strongly
on Ru-hcp(001).

Despite this substantial difference in reaction energies, the activa-
tion energies are quite similar for the two surfaces, with the 60° trajec-
tory showing about 0.1 eV lower values. For this preferred trajectory,
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Table 4
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The (\/5 X \/§)R30° reaction and activation energies for the H,O dissociation reaction on Ru-hcp(001) and Ru-fce(111)
calculated with the water bilayer model along the 60° and 180° reaction paths. Values in parentheses correspond to
calculations where only the topmost three layers were relaxed; all other values correspond to calculations in which
only the bottommost Ru layer was fixed. Note that the AE values for the 60° and 180° trajectories are identical, as

both have equivalent initial and final states.

60° trajectory

180° trajectory

AE (eV) E* (eV) E* (eV)
N Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111)
3 -0.60 -0.13 0.43 0.51 0.58 0.63
4 —-0.61 —-0.48 0.40 0.43 0.54 0.57
5 —-0.60 (-0.58) —-0.31 (-0.31) 0.44 0.49 0.57 0.61
6 —0.59 (-0.58) —0.35 (-0.35) 0.46 0.47 0.59 0.58
7 —-0.59 (-0.58) —-0.36 (-0.35) 0.43 0.47 0.56 0.58
Table 5

The (3 x 3) reaction and activation energies for the H,O dissociation reaction on Ru-hcp(001) and Ru-fcc(111) calculated with

the water bilayer model along the 90° and 150° reaction paths.

90° trajectory

150° trajectory

AE (eV) E* (eV) AE (eV) E* (eV)
N Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111) Ru-hcp(001) Ru-fee(111)
5 -0.73 —-0.55 0.53 0.57 -0.36 -0.23 0.52 0.60
6 -0.70 —-0.60 0.52 0.54 -0.33 -0.25 0.55 0.57
7 -0.73 -0.59 0.51 0.55 -0.35 —-0.25 0.52 0.57

180° path @ (v/3 x v/3)R30°

Fig. 5. Top- and side-view snapshots of the IS, TS, and FS structures for H,O
dissociation within a water bilayer on Ru-hcp(001), shown for the 180° path
in the (\/5 X \/§)R30° supercell (top) and for the 150° path in the (3 x 3)
supercell (bottom). In the side-view IS, the direction of the dissociating H atom
is marked with a green arrow, whereas in the top-view snapshots the H atom
is highlighted in green—yellow. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Ru-hcep(001) has a slightly lower activation energy than Ru-fcc(111),
by an average of 0.03 eV for slabs at least five layers thick.

For the (3 x 3) supercell, the results are shown in Table 5, and the
corresponding reaction paths are given in Figs. S41-S52. The initial
states are identical for both considered paths, but the final states differ,
leading to significant variation in the calculated reaction energies.
The 90° path is considerably more exothermic than the 150° path on
both Ru surfaces. In the 90° case, an H atom is transferred from a
neighboring water molecule to the dissociating one (Figs. S47-S52),
meaning that the original water molecule remains intact, whereas
the neighboring molecule converts into OH*. This H-atom transfer
increases the separation between the resulting OH* and H* species

and thereby stabilizes the final state. An annotated snapshot of this
concomitant water dissociation and proton-hopping process is shown
in Fig. S7 in the Supplementary material together with the associated
Bader charge analysis, which reveals that the hopping H atom is proton-
like, whereas the dissociating H atom transforms from a proton-like to
a hydride-like state.

For both reaction paths in the (3x3) supercell, Ru-hcp(001) exhibits
reaction energies about 0.1 eV more exothermic than Ru-fcc(111). This
difference is smaller than in the smaller supercell and can be attributed
to the final-state structure: only OH is adsorbed at the top site, where
adsorption energy differs significantly between the two surfaces, while
H occupies a bridge-like site with similar adsorption energy on both
surfaces.

In contrast to the reaction energies, no large differences are ob-
served between the activation energies on Ru-hcp(001) and Ru-fec(111)
for the (3 x 3) supercell. The two reaction paths also yield similar
activation energies, with the 90° path displaying marginally smaller
values. For this slightly preferred path, Ru-hcp(001) has a slightly lower
activation energy than Ru-fcc(111), by an average of 0.02 eV for slabs
at least five layers thick.

The activation energy results for thicker slabs, presented in Tables
4 and 5, therefore indicate that Ru-hcp(001) exhibits slightly lower
activation barriers for both supercells. Furthermore, the water molecule
prefers to dissociate along a more angular trajectory—corresponding
to the 60° path for the smaller (\/5 X \/§)R30° supercell and the 90°
path for the larger (3 x 3) supercell. This preference was also reported
by Zheng et al. [14], although in that work the more angular path
was rejected due to the absence of an imaginary frequency in the
NEB-identified transition state. In contrast, our vibrational analysis
reveals one imaginary frequency for the transition state of each path,
confirming them as viable options.

3.3. Activation and reaction Gibbs energies

The results and analysis presented above are based on activation
and reaction energies calculated at 0 K without ZPE. However, for
evaluating reaction kinetics and thermodynamics, the relevant quan-
tities are the activation and reaction Gibbs energies calculated under
experimental conditions. We therefore now turn to these, using the
thermodynamic framework described in Technical Section 2.1.

Because vibrational calculations are computationally demanding,
they were performed only for the ice-like water bilayer models. For the
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Table 6

Journal of Catalysis 454 (2026) 116641

Reaction (AG) and activation (G*') Gibbs energies calculated at 25 °C for the (\/5 X \/§)R30° supercell with the ice-like water bilayer model. The G** values

are reported for the 60° and 180° paths, while the AG values are identical for both paths. The G

and G** | which

corr corr?

corrections of Eq. (6), labeled as AG,

corr

transform O K energies into Gibbs energies, are also reported. N denotes the number of Ru layers in the slab.

60° trajectory

180° trajectory

AG (eV) AG,, (eV) G* (eV) G (eV) G* (eV) G¥ (eV)
N hep(001) fee(111) hep(001) fee(111) hep(001) fee(111) hep(001) fee(111) hep(001) fee(111) hep(001) fee(111)
3 -0.59 -0.17 0.004 —-0.040 0.32 0.40 -0.112 -0.116 0.44 0.50 -0.135 -0.131
4 -0.59 -0.47 0.017 +0.007 0.30 0.32 —0.100 -0.109 0.42 0.44 -0.119 -0.125
5 -0.58 -0.32 0.025 -0.017 0.33 0.37 -0.106 -0.112 0.44 0.49 -0.123 -0.122
6% -0.56 -0.36 / / 0.35 0.36 / / 0.46 0.46 / /
72 —-0.56 —-0.38 / / 0.32 0.35 / / 0.44 0.46 / /

2 The AG and G*' values were obtained by combining the AE and E*' values with the corresponding G,

Table 7

corrections from the five-layer slab.

corr

Reaction (AG) and activation (G**) Gibbs energies of the 90° path calculated at 25 °C for the (3x3) supercell with the ice-like water bilayer model.

The AG,

and G*  corrections were approximated by calculating and diagonalizing only the water-bilayer part of the interatomic force-constants

corr corr
matrix.
AG (eV) AG,,, (eV) G*t (eV) G (eV)
N hep(001) fee(111) hep(001) fee(111) hep(001) fee(111) hep(001) fee(111)
5 -0.83 —-0.65 —-0.096 —-0.099 0.35 0.39 —-0.181 -0.185
6" —-0.80 —-0.70 / / 0.34 0.35 / /
7 -0.83 —-0.69 / / 0.33 0.36 / /

2 The AG and G*' values were obtained by combining the AE and E** values with the corresponding G, corrections from the five-layer slab.

smaller (\/5 X \/§)R30° supercell, both considered paths were analyzed
on slabs three to five layers thick by calculating and diagonalizing the
full interatomic force-constants matrix. For thicker slabs, we used the
vibrational contributions to the Gibbs energy derived from the five-
layer slab. In contrast, for the larger (3x3) supercell, only the five-layer
slabs for the 90° trajectory were analyzed by calculating and diago-
nalizing only the water-bilayer part of the interatomic force-constants
matrix.

All considered transition states exhibit a single imaginary frequency
of approximately 1000 i cm~!, corresponding to the reaction coordi-
nate. This mode was excluded from the vibrational contribution, as
prescribed by transition-state theory. The resulting activation (G*')
and reaction Gibbs energies (AG) calculated at 25 °C, along with the
vibrational corrections of Eq. (6) that transform O K energies into Gibbs
energies, labeled as AG,,, and G, respectively, are tabulated in
Table 6 for the (\/5 X \/§)R30° supercell and in Table 7 for the (3 x 3)
supercell. Furthermore, the G*' and AG values are illustrated in Fig. 6,
which compares them with the corresponding activation and reaction
energies at 0 K. Note that for (\/3 X \/§)R30° both the 60° and 180°
reaction paths start from the same initial state and end in the same
final state, differing only in the H trajectory during the O-H bond
cleavage. Consequently, the two trajectories have identical reaction
Gibbs energies but different activation Gibbs energies.

For the (\/5 X \/§)R30° supercell, the vibrational contributions
(AG,,,) to the reaction Gibbs energies are small in magnitude, ranging
from —0.04 to +0.03 eV, which indicates that they largely cancel be-
tween the final and initial states. In contrast, for the (3x3) supercell, the
AG,,, values are about —0.1 eV for both Ru-fcc(111) and Ru-hep(001).
Comparing these corrections between Ru-fcc(111) and Ru-hcp(001),
we realize that their differences are small compared with the reaction
energy differences. Thus, the reaction Gibbs energies follow the same
trend as the reaction energies. These AG values correspond to the
dissociation of an adsorbed water molecule, reaction (7). At the RHE
potential, they can be mapped onto the Gibbs energies of the Volmer
reaction (1), AGygimer> Using Eq. (S6), which is based on the thermo-
dynamic cycle in Scheme S1. Our calculations show that AGyger =
AG - 0.07 eV for Ru-hcp(001) and AGygye, = AG — 0.13 eV for Ru-
fcc(001). The corresponding AGyym. Values are given in Table S5 of
the Supplementary material.

In contrast to the reaction Gibbs energies, all vibrational contribu-

tions (G ) to the activation Gibbs energies are negative: about 0.1 eV

for (\/5 X \/§)R30° on both surfaces and about —0.2 eV for (3 x 3) on
both surfaces. Because the fo);r values are similar for Ru-fee(111) and
Ru-hcp(001), these contributions do not change the activation energy
trend established in the preceding section. Consequently, Ru-hcp(001)
exhibits slightly lower activation Gibbs energies than Ru-fcc(111). This
trend is not affected by slab thickness, as all thicknesses consistently
reveal it. More specifically, for the (\/5 X \/§)R30° supercell, the activa-
tion Gibbs energies for the preferred 60° path are 0.33 and 0.36 eV for
Ru-hcp(001) and Ru-fee(111), respectively, calculated as the average
over the five- to seven-layer slabs. The corresponding values for the
180° path are 0.44 and 0.47 eV. For the (3 x 3) supercell, the values for
the 90° path are 0.34 and 0.37 eV for Ru-hcp(001) and Ru-fec(111).

The presented results contrast with the high-impact study of Zheng
et al. [14], who attributed the experimentally observed higher activity
of the Ru-fcc phase to a DFT-calculated higher intrinsic activity of Ru-
fce(111) compared with Ru-hcp(001). They used three-layer Ru slabs
along with the bilayer model of water and the (\/5 X \/§)R30° supercell.
While their reaction Gibbs energies of —0.59 and —0.24 eV for Ru-
hep(001) and Ru-fee(111), respectively,® follow a similar trend to ours
(cf. Table 6 and Fig. 6) — namely, that the water dissociation reaction is
significantly more exergonic on Ru-hcp(001) - their reported activation
Gibbs energies of 0.51 and 0.41 eV for the 180° path on Ru-hcp(001)
and Ru-fce(111), respectively, are in stark contrast to our results. While
their calculations suggest that Ru-fcc(111) is considerably more active
than Ru-hcp(001), our results indicate that Ru-hcp(001) is in fact more
active.

Zheng et al. [14] reported vibrational contributions to the activation
Gibbs energy of +0.03 eV for Ru-hcp(001) and —0.10 eV for Ru-fec(111),
whereas our (\/§ X \/§)R30° value is approximately —0.10 eV for both
surfaces. This discrepancy arises from two sources: (a) the incomplete
treatment of vibrational contributions in their work, and (b) their
use of too-thin slabs, which lead to unconverged results as demon-
strated above. Specifically, their incomplete treatment of vibrational
contributions has three shortcomings:

(i) Only the zero-point energy (ZPE) was considered, while thermal
contributions to the vibrational Gibbs energy were neglected. In

3 Zheng et al. [14] reported only the Volmer-step Gibbs energies, AGyqpe: =
—0.84 and —0.48 eV, which were derived from the AG energies of reaction (7)
using AGyg,e = AG —0.24 eV for both Ru-hep(001) and Ru-fee(111).
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Fig. 6. The (\/5 X \/§)R30° (left) and (3 x 3) (right) reaction and activation
Gibbs energies for H,O dissociation, calculated at 25 °C using the water bilayer
model. Results for Ru-hcp(001) are shown in blue and for Ru-fcc(111) in grey.
Gibbs energies are represented by solid colored bars, while the corresponding
energies are indicated by black dashed bars. Note that for the (\/3 X \/§)R30°
supercell, the reaction Gibbs energies are identical for the 60° and 180° paths
(top left). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

particular, Zheng et al. used E;(T) = % Y., hv; = ZPE, whereas
the correct harmonic-oscillator expression is:

Ea(M) = Y hvi| 3+ ——|. ®)
i exp(kB—T) -1

It is worth emphasizing that for low-frequency modes the ther-

mal term becomes larger than the ZPE term (for example, for

hv = kgT /2, the second term is about 1.5, i.e., three times larger

than the first term).

(ii) In the harmonic-oscillator model, vibrational entropy diverges
as the frequency approaches zero. Without correcting for this
effect, low-frequency modes contribute excessively to the vi-
brational Gibbs energy, potentially leading to nonphysical re-
sults. Zheng et al. applied no correction for the low-frequency
modes, whereas we used the Cramer-Truhlar correction [35].
An analysis of how the Cramer-Truhlar correction affects the
activation and reaction Gibbs energies is presented in Fig. S8
in the Supplementary material. This analysis shows that the
apparent preference for Ru-fcc(111) over Ru-hcp(001) in the
work of Zheng et al. arises primarily from a super-soft vibra-
tional mode of 4 cm~! in the initial state on Ru-hcp(001),
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whereas the corresponding mode on Ru-fcc(111) is 42 ecm™!.
Because vibrational entropy diverges for very low frequencies,
the 4 cm~! mode contributes excessively to the entropic term on
Ru-hcep(001), artificially stabilizing the initial state and thereby
increasing both the activation and reaction Gibbs energies on
Ru-hcp(001) relative to Ru-fec(111).

(iii) Zheng et al. [14] diagonalized only the adsorbate part of the
interatomic force-constants matrix, whereas we calculated and
diagonalized the full matrix. According to our calculations, this
approximation introduces errors of about 0.02 eV for the activa-
tion Gibbs energy and 0.05 eV for the reaction Gibbs energy in
the present case (see Table S6).

For the results reported by Zhang et al. using the full vibrational
thermal energy from Eq. (8) instead of only the ZPE yields vibra-
tional contributions to the activation Gibbs energy of —0.01 eV for Ru-
hcep(001) and —0.12 eV for Ru-fee(111). Including the Cramer-Truhlar
correction for the low-frequency modes gives the corresponding values
of —0.09 and —0.14 eV. Thus, a more comprehensive treatment reduces
the difference in vibrational contributions between Ru-hcp(001) and
Ru-fee(111) from 0.13 eV to 0.05 eV, and consequently reduces the fcc
vs. hep preference from 0.10 eV to only 0.02 eV. In other words, their
original activation Gibbs energies of 0.51 and 0.41 eV for Ru-hcp(001)
and Ru-fec(111), respectively, are corrected to 0.39 and 0.37 eV.

Further improvement of these values is achieved by using the full
interatomic force-constants matrix instead of only the adsorbate part,
and by employing thicker slab models. Addressing all these issues
results in similar vibrational contributions of about —0.1 eV to the
activation Gibbs energy for Ru-hcp(001) and Ru-fec(111), as obtained
with the (\/5 X \/§)R30° supercell. Vibrational contributions to the
activation Gibbs energies remain similar between the two surfaces
when calculated with the larger (3x3) supercell, which is more realistic
because dissociation of water molecules occurs individually at specific
sites and times. For these four reasons, we place greater confidence in
our results than in those of Zheng et al. [14].

3.4. Activity of Ru-hcp(001) and Ru-fcc(111) and implications for sup-
ported nanoparticle catalysts

Based on our results and the identified shortcomings in the DFT
study by Zheng et al. [14], we argue that the ideal Ru-fcc(111) surface
is not intrinsically more active than Ru-hcp(001). On the contrary,
our findings suggest that Ru-hcp(001) should be more active toward
the water dissociation reaction. At room temperature, a difference of
0.03 eV in the activation Gibbs energy corresponds to a change in the
reaction rate by approximately a factor of three, illustrating that even
small variations in activation energies substantially influence reaction
kinetics. However, a difference of 0.03 eV is itself small within the
accuracy of typical DFT calculations. Hence, conclusions drawn from
it should be considered with due caution.

Our results are based on approximating the Volmer reaction step
by a nonelectrochemical dissociation of an adsorbed water molecule
and on the use of oversimplified water models. Further computational
investigation of the experimentally observed higher HER activity of
Ru-fcc nanoparticles compared to Ru-hcp ones, using more realistic
electrochemical models, is therefore needed to obtain a more reliable
assessment of their relative activities under experimental conditions.

Based on the presented results, we question the previously pro-
posed explanation [14] that the experimentally observed higher HER
activity of Ru-fcc nanoparticles relative to Ru-hcp ones arises from
differences in the intrinsic activity of the close-packed Ru-hcp(001)
and Ru-fcc(111) surfaces. When moving from ideal surfaces to real
catalysts, factors such as nanoparticle shape, the reactivity of less stable
facets, and the fraction of exposed facets may also play decisive roles,
as demonstrated for CO dissociation on Ru [9,10]. The stability of dif-
ferent facets — and thus the distribution of exposed facets — also depends
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on reaction conditions, since changes in adsorbate coverage can modify
facet populations and affect overall nanoparticle activity [10]. Another
important factor could be the influence of the support, particularly
when the fcc phase is grown on a support different from that of the ref-
erence hcp system, as this may alter nanoparticle-support interactions
and thereby affect reactivity toward key intermediates [42].

This work therefore provides an initial step toward understanding
the different activities of supported Ru-hcp and Ru-fcc nanoparticles
and shows that the previously proposed explanation [14] is unlikely.
Further studies focusing on facet-specific activity and support effects
will be essential for definitively clarifying the origins of the experimen-
tally observed enhanced HER activity of supported Ru-fcc nanoparticles
and for guiding the design of more efficient catalyst systems.

4. Conclusion

This work provides a comparative DFT perspective on the activity
of Ru-hcp(001) and Ru-fce(111) surfaces toward water dissociation,
a key step in the hydrogen evolution reaction in alkaline media. By
analyzing both single-molecule and bilayer water models, we showed
that reaction energies depend strongly on slab thickness, supercell size,
and the water model, whereas the activation barriers are less sensitive
to these details. These findings underscore the importance of employing
sufficiently converged computational models in order to obtain reliable
and meaningful results.

Despite these sensitivities, the overall picture is robust: water disso-
ciation is predicted to be more exergonic and to have slightly lower
activation Gibbs energies on Ru-hcp(001), suggesting it should be
somewhat more active than Ru-fcc(111). Importantly, vibrational con-
tributions do not alter the relative energy trends, in contrast to earlier
work, whose reported data show favorable vibrational contributions
of Ru-fcc(111), thereby suggesting its superiority. This difference in
vibrational results stems from how vibrational effects were treated,
with the earlier study using a less complete approach.

Taken together, our results indicate that the experimentally ob-
served higher activity of fcc-structured Ru nanoparticles in alkaline
HER cannot be explained by the intrinsic properties of the Ru-fcc(111)
and Ru-hcp(001) facets. Instead, it is likely driven by other factors,
such as support effects, facet-specific activity, and facet distribution
(i.e., nanoparticle shape). Future studies should therefore place greater
emphasis on realistic nanoparticle models and on the role of the support
in shaping catalytic performance.
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